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(57) ABSTRACT

A process for treating a zirconium containing feedstock
includes fluorinating a feedstock comprising dissociated
zircon (‘DZ’) to obtain a zirconium fluorine compound and
a silicon fluorine compound. The zirconium fluorine com-
pound is separated from the silicon fluorine compound is
provided. Optionally, the zirconium fluorine compound is
reacted with a non-fluorine halogen, an alkali metal non-
fluorine halide or an alkaline-earth metal non-fluorine
halide, thereby to obtain a zirconium non-fluorine halide.
The zirconium fluorine compound or, when present, the
zirconium non-fluorine halide is subjected to plasma reduc-
tion, in a plasma reduction stage, in the presence of a
reductant, to obtain metallic zirconium.
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1
TREATMENT OF CHEMICAL FEEDSTOCKS

RELATED APPLICATIONS

This application is a 35 U.S.C. §371 national stage
application of PCT application Ser. No. PCT/IB2012/
055511, filed on Oct. 11, 2012, which claims priority from
South African application Ser. No. 2011/07455, filed on Oct.
11, 2011, the contents of which are incorporated herein by
reference in the entireties. The above-refenced PCT Inter-
national Application was published as International Publi-
cation No. WO 2013/054282 Al Apr. 18, 2013.

THIS INVENTION relates to the treatment of chemical
feedstocks. It relates in particular to a process for treating a
zirconium containing feedstock.

According to the invention, there is provided a process for
treating a zirconium containing feedstock, which includes

fluorinating a feedstock comprising dissociated zircon

(‘DZ’) to obtain a zirconium fluorine compound and a
silicon fluorine compound;

separating the zirconium fluorine compound from the

silicon fluorine compound;

optionally, reacting the zirconium fluorine compound

with a non-fluorine halogen, an alkali metal non-fluo-
rine halide or an alkaline-earth metal non-fluorine
halide, thereby to obtain a zirconium non-fluorine
halide; and

subjecting the zirconium fluorine compound or, when

present, the zirconium non-fluorine halide to plasma
reduction, in a plasma reduction stage, in the presence
of a reductant, to obtain metallic zirconium.

The feedstock may initially be in the form of plasma
dissociated zircon (‘PDZ”). Instead, the process may include
subjecting zircon to plasma dissociation to obtain the PDZ.
PDZ predominantly or even wholly comprises ZrO,.SiO,,
but may also contain some hafnium, typically in the form of
HfO,.Si0,.

The zirconium fluorine compound may be a non-oxygen
containing compound, e.g. a zirconium fluoride, or it may be
an oxygen containing compound, e.g. a zirconium oxyfluo-
ride, or a mixture of such compounds.

The fluorination of the feedstock may comprise reacting
the PDZ with an ammonium acid fluoride having the for-
mula NH,FxHF where 1<x<5.

Instead, the fluorination of the feedstock may comprise
reacting the PDZ with ammonium bifluoride, NH,F.HF. The
reaction may then be in accordance with reaction (1):

Z10,.Si0,+8NH,F.HF —(NH,), ZrF,+(NH,),SiF o+

3NH,F+4H,0 o)

with the (NH,),ZrF., (NH,),SiF, 3NH,F and 4H,O thus
constituting a reaction product mixture.

When the PDZ contains hafnium, a similar reaction will
take place in respect of the Hf, typically in the form of
HfO,.Si0,.

The separation of the zirconium fluorine compound
((NH,);ZrF,) from the silicon fluorine compound ((NH,),
SiF;) may be effected by heating the reaction product
mixture to a sufficiently high temperature so that the (NH,,),
SiFg, NH,F and H,O are driven off as a gaseous product
component, while the (NH,);ZrF, remains behind as a solid
component; thereafter heating the solid component further
so that the (NH,),ZrF, decomposes in accordance with
reaction (2):

(NH,)3ZrF7—Z1F 4+3NH,F
and separating the ZrF, from the NH,F.
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The temperature at which (NH,),SiF¢ evaporates is
around 280° C., thus permitting it to be driven off together
with the NH,F and H,O as the gaseous product. The
(NH,),SiF; can then be decomposed to produce silicon
tetrafluoride (SiF,) or other Si compounds and ammonium
fluoride (NH,F), in accordance with reaction (3):

(NH,),SiFs—>SiF ;+2NH,F 3)

The resultant ammonium fluoride (NH,F) can, if desired,
be recycled for use in reaction (1).

The (NH,);ZrF, decomposes above about 300° C.

The treatment of PDZ with ammonium bifluoride may be
in accordance with PCT/IB2010/053448 which is hence
incorporated herein by reference.

The treatment of PDZ with an ammonium acid fluoride
may be in accordance with PCT/IB2010/054067 which is
hence incorporated herein by reference.

It will be appreciated that when the PDZ contains haf-
nium, hafnium fluorides such as hafnium tetrafluoride will
also be produced when the PDZ is reacted with the ammo-
nium bifluoride or an ammonium acid fluoride.

The process may then include, when both zirconium
tetrafluoride (ZrF,) and hafnium tetrafluoride (HfF,) are
produced, separating the zirconium tetrafluoride from the
hafnium tetrafluoride. Such separation will be required, for
example, if nuclear grade zirconium metal, i.e. hafnium
depleted zirconium metal, typically having a hafnium con-
tent less than 100 ppm, is required as the end product.

This separation may be effected by means of sublimation,
selective precipitation and crystallization, liquid/liquid
extraction, evaporative pertraction, evaporative distillation,
or the like.

The non-fluorine halogen with which the zirconium fluo-
rine compound may be reacted may, at least in principle, be
any of the halogens other than fluorine, i.e. chlorine, bro-
mine or iodine; however, chlorine is preferred. Similarly,
when the zirconium fluorine compound is reacted with the
alkali metal non-fluorine halide or the alkaline-earth non-
fluorine halide, the halogen of the halide may be any of the
halogens other than fluorine, i.e. chlorine, bromine or iodine;
however, chlorine is preferred. For example, an alkaline-
earth metal non-fluorine halide may be used, and may then
be magnesium chloride, MgCl,.

The reaction of the zirconium fluorine compound (ZrF,)
with the alkaline-earth metal non-fluorine halide, when
carried out, may be effected in a high temperature stage,
such as in an arc. When the alkaline-earth non-fluorine
halide is MgCl,, the reaction proceeds in accordance with
reaction (4):

Z1F 1 +2MgClL,—Z1Cl+2MgF, )

It was found that conversion of the zirconium tetrafluoride
(ZrF,) to zirconium tetrachloride (ZrCl,) reduces the reac-
tion temperature in the plasma reduction to produce pow-
dered metallic zirconium.

The reductant may be a metal selected from the group
consisting in Mg, Ca and Zn. Instead, the reductant may be
a reducing gas selected from the group consisting of H, and
NH,.

In the reduction process, a mixture of metallic zirconium
and an equivalent reductant halide, e.g. chloride, is thus
formed.

Subjecting the zirconium fluorine compound or, when
present, the zirconium non-fluorine halide to plasma reduc-
tion may be carried out in a plasma reactor. The plasma
reactor may provide a non-transferred arc plasma for car-
rying out the plasma reduction. Preferably, the plasma
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reactor is an axial flow reactor, typically having a single
axially mounted torch. The plasma may be generated with a
plasma gas, or mixtures of plasma gases, such as argon,
nitrogen and helium. The metallic zirconium produced in the
plasma reactor may be in powdered metallic form e.g. when
removed from the reactor.

The initial feedstock may be obtained from a single
feedstock source or from a plurality of feedstock sources.
Where the feedstock is obtained from different feedstock
sources, the feedstock may either be introduced into the
reactor discretely along separate feedstock feed lines, or as
a feedstock mixture along a single feedstock feed line.

The secondary feedstock, i.e. the zirconium fluorine com-
pound or the zirconium non-fluorine halide, may be intro-
duced into the plasma reactor above the plasma flame,
directly into the plasma flame or beneath the plasma flame.
The plasma thus serves, amongst others, to heat up the
secondary feedstock to a temperature at which the reduction
can take place.

The plasma reduction is preferably effected on a continu-
ous basis. It is, however expected that the plasma reduction
can also be effected on a batch basis. Preferably, the process
of the invention is a continuous process.

The feedstock to the plasma reduction stage, i.c. the
secondary feedstock, thus comprises zirconium tetrafluoride
(ZrF,) or zirconium tetrachloride (ZrCl,). Additionally, the
feedstock may comprise some hafnium tetrafluoride (HfF,)
or hafnium tetrachloride (HfCl,). This could typically be the
case, for example, (i) if the secondary feedstock comprises
zirconium tetrafluoride (ZrF,) or zirconium tetrachloride
(ZrCl,) that contains hafnium (Hf) as an impurity, being
associated with the initial primary mineral feedstock, or (ii)
if the secondary feedstock comprises zirconium tetrachlo-
ride in which the hafhium content has been reduced.

When the secondary feedstock comprises zirconium tet-
rafluoride and the reductant is magnesium, the plasma
reduction reaction will be in accordance with reaction (5):

ZrF +2Mg—>Zr+2MgF, (5)

When the secondary feedstock comprises zirconium tet-

rachloride and the reductant is magnesium, the plasma
reduction reaction will be in accordance with reaction (6):

ZrCl+2Mg—Zr+2MgCl, (6)

When the secondary feedstock comprises hafnium tetra-
fluoride and the reductant is magnesium, the plasma reduc-
tion reaction will be in accordance with reaction (7):

HfF,+2Mg—Hf+2MgF, 7

When the secondary feedstock comprises hafnium tetra-
chloride and the reductant is magnesium, the plasma reduc-
tion reaction will be in accordance with reaction (8):

HfCl+2Mg—Hf+2MgCl, ®)

When the reductant is H,, the plasma reduction reaction
will be in accordance with reaction (9):

Z1Cl,+2H, > Zr+4HCl ©)

The reductant, i.e. for example Mg, Ca, Zn, H, or NH;,
would typically be used in stoichiometric amounts, but can
also be used in amounts in excess of or less than stoichio-
metric amounts.

In the plasma reduction stage, a product component
comprising the zirconium in powdered metallic form and the
reductant halide is produced. The product component may
then be treated in a high temperature separation stage to
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produce the reductant halide as an off-product and the
zirconium in a purified metal sponge form as a useful end
product.

An advantage of the process of the invention, when
ammonium bifluoride or ammonium acid fluoride is used to
convert the PDZ to zirconium tetrafluoride is that the
process is ‘dry’, i.e. anhydrous zirconium tetrafluoride is
obtained. Dry processing generally generates less waste
product than wet processing does.

Another advantage of the invention is that all or at least
a part of the reductant halide, e.g. MgF, or MgCl,, is already
evaporated in the plasma reactor in the same step, thereby
eliminating or reducing the subsequent purification and
separation process.

The invention will now be described in more detail with
reference to the accompanying block diagram which illus-
trates the process according to the invention for treating a
zirconium and hafnium containing feedstock.

In the drawing, reference numeral 10 generally indicates
a process according to the invention for treating a zirconium
and hafnium containing feedstock.

The process 10 includes a plasma dissociation stage 12,
with a zircon feed line 14 leading into the stage 12.

A PDZ transfer line leads from the stage 12 to a reaction
stage 18. An ammonium bifluoride feed line 20 leads into the
stage 18, while an off-gas withdrawal line 22 leads from the
stage 18.

A zirconium tetrafluoride (ZrF,) and hafnium tetrafluo-
ride (HfF,) withdrawal line 24 leads from the stage 18 to a
ZrF ,/HfF , separation stage 26. An HfF, product withdrawal
line 28 leads from the stage 26.

A 7ZrF, line 30 leads from the stage 26 to a conversion
stage 32. An optional ZrF, product withdrawal line 34 leads
from the line 30.

A magnesium chloride (MgCl,) feed line 36 leads into the
stage 32, while a magnesium fluoride (MgF,) withdrawal
line 38 leads from the stage 32.

A zirconium tetrachloride (ZrCl,) withdrawal line 40
leads from the stage 32.

The line 40 leads into a plasma reduction stage 42 which
comprises a continuous plasma reduction reactor. A magne-
sium (Mg) addition line 44 leads into the stage 42.

In the plasma reduction reactor, a single or multiple
non-transfer arc plasma torch is mounted on a water-cooled
injector block where the reactants are introduced to the
plasma tail flame through two diametrically opposed feed
orifices. The injector block is mounted on the axis of the
water-cooled reactor of which the lower section serves as
product catch pot where the product (metallic zirconium) is
collected.

The plasma reactor typically has an inclined off-gas outlet
where plasma gas, vapours and entrained particulates are
extracted, cooled in a heat exchanger and solids collected in
a cyclone and filter arrangement. The reactor has linear
(axial) flow geometry.

A product withdrawal line 46 leads from the stage 42 into
a high temperature separation stage 48. A purified zirconium
sponge product withdrawal line 50 leads from the stage 48
as does an Mg/MgCl, withdrawal line 52.

In use, zircon (ZrSiQO,) is fed into the plasma dissociation
stage 12. By means of plasma dissociation, it is converted

into PDZ, i.e. Zr0,.810, in accordance with reaction (10):
Z1Si0,—Z10,.Si0, (10)

Usually, zircon will also contain some hafnium in the
form of HfSiO, which will thus be converted to HfO,.Si0O,.
Thus, the PDZ produced in the plasma reactor stage 12 will
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comprise both ZrO,.Si0, and Hf0,.8i0,, commonly writ-
ten as Zr(Hf)O,.Si10,. PDZ is an advantageous feed material
due to its much higher chemical reactivity (as compared to
zircon), especially towards fluoride chemicals. Furthermore,
zircon, when used for the production of PDZ, requires no
pre-milling.

The PDZ produced in the stage 12 passes, along the line
16, into the reaction stage 18 where it is converted to Zr and
Si species in accordance with reaction (6) hereinbefore set
out. It will be appreciated that, since the PDZ may also
contain HfO,.Si0,, Hf species, similar to the Zr species of
reaction (1), will also form.

Separation of the Zr/Hf species from the Si species is
accomplished by heating the products formed in reaction
stage 18. Initially, the Si species ((NH,),SiF) evaporates at
around 280° C., and is withdrawn as an off-gas product
along the line 22, together with the ammonium fluoride
(NH,F) and water that is formed in accordance with reaction
(D.

Thereafter, at around 450° C., the zirconium species is
decomposed to produce anhydrous ZrF, in accordance with
reaction (2) (for the hafnium species a similar reaction takes
place to obtain anhydrous HfF,).

The ZrF,/HfF, product is withdrawn from the stage 18
along the line 24 and passes into the separation stage 26.

The off-gas withdrawn along the line 22 from the stage
18, can be treated further, e.g. the (NH,),SiFs can be
decomposed to produce SiF, and ammonium fluoride NH,F,
which can be recycled to the stage 18. SiF, is a saleable
product on its own for use in the electronic industry. Instead,
it can be used to produce fumed SiO, (pyrogenic silica) in
accordance with reaction (11):

SiF,+2H,0—>Si0,+4HF 1)

The HF produced in accordance with reaction (11) can be
recovered and recycled.

It will be appreciated that the stage 26 can be dispensed
with if desired, e.g. if a mixed product comprising zirconium
and hafnium in powdered metallic form, is acceptable.
However, if nuclear grade zirconium metal is required as an
end product, then the stage 26 must be present. Separation
of ZrF , from HfF, can be achieved in the stage 26 by means
of a process such as sublimation, selective precipitation and
crystallization, liquid/liquid extraction, pertraction or evapo-
rative distillation.

A HAfF, product is withdrawn from the stage 26 along the
line 28, and can be treated further, e.g. to obtain Hf metal,
such as by using a plasma reduction stage similar to the
plasma reduction stage 42.

Some of the ZrF, withdrawn from the stage 26 along the
line 30, can be withdrawn as a product along the line 34 for
use in the optical industry, e.g. to produce specialized lenses,
thin film coatings on lenses, optical fibre. However, the bulk,
if not all, of the anhydrous ZrF, produced in the stage 26
passes into the conversion stage 32 where it is converted,
through reaction with MgCl,, into ZrCl,. The reason for
converting ZrF, to ZrCl, is that this facilitates subsequent
plasma reduction to produce powdered metal, and also
assists in purification of the powdered metal produced in the
subsequent stage 48. The reaction in the stage 32 is in
accordance with reaction (4).

7rCl, is withdrawn from the stage 32 and passes into the
plasma reduction stage 42 where it is subjected to continu-
ous reduction with Mg as a reductant. It will be appreciated
that, if required, Mg can be replaced by another reductant
such Ca or Zn, or reduction gases such as H, and NH;.

10

15

20

25

30

35

40

45

50

55

60

65

6

The continuous plasma reduction reactor in the stage 42
provides a non-transferred arc plasma for carrying out the
plasma reduction. The plasma is generated with a plasma
gas, or mixtures of plasma gases, such as argon and nitrogen.
The feedstock may be introduced into the reactor typically
by means of a feed mechanism that is associated with the
reactor. The feedstock may be introduced into the plasma
reactor above the plasma flame, directly into the plasma
flame or beneath the plasma flame. Typically, the feedstock
is introduced into a tail flame of the plasma reactor.

The residence time and temperature gradient in the
plasma reactor is such that molten droplets of metallic
zirconium that form, coagulate and freeze (solidify) as
particulates. Thus, the metallic zirconium collects as a
powder at the relatively cool product collection point of the
reactor.

In the stage 42, zirconium powder together with
Mg/MgCl, are produced, and are fed, along the line 46, into
the high temperature separation stage 48. Typically, the high
temperature separation stage 48 comprises a vacuum arc
furnace, or an electron beam melting apparatus. An off-
product comprising Mg/MgCl, is withdrawn along the line
52, while purified zirconium metal sponge is withdrawn
along the line 50.

The Applicant is aware of a known chemical process for
producing purified zirconium sponge from zircon. This
known process comprises milling zircon, pelletizing the
milled zircon with carbon, subjecting the resultant pelletized
product to chlorination in a fluidized bed, thereafter sub-
jecting it to selective condensation, hydrolysis, and liquid/
liquid extraction with thiocianate to obtain ZrOCl,. The
ZrOCl, is subjected to precipitation with sulphuric acid and
ammonium hydroxide, with the product being filtered and
dried in a furnace. The ZrO, is treated in a chlorination
fluidized bed to obtain ZrCl, which is subjected to reduction
in a Kroll batch reactor with magnesium as reductant to
obtain an ingot of zirconium sponge. This ingot must then be
subjected to milling, vacuum distillation separation to
remove Mg/MgCl,, and further milling to obtain purified
zirconium sponge.

Disadvantages associated with this conventional process
include the fact that it constitutes several major unit opera-
tions including more than one high temperature carbo-
chlorination and 3 milling operations. The zircon must be
milled prior to carbo-chlorination, and then bricketted with
carbon. It is a wet process which results in copious volumes
of waste being produced. Significant waste streams are
produced, and the kinetics in the reactor stages such as the
chlorination fluidized bed, are slow. It is energy intensive,
and produces large volumes of chlorides which are difficult
to recover/recycle. Moreover, the Kroll reduction is typi-
cally a batch process, albeit a dry process.

In contrast, the process 10 only comprises 6 unit opera-
tions, and is a dry process so that less waste is produced than
is the case in the conventional wet process, thereby render-
ing the process more environmentally friendly as regards
waste production. Instead of batch reduction of the ZrCl, as
in the conventional process, a continuous plasma reduction
step is employed. At least some fluorine values can be
recovered/recycled. The reactor 18 of the process 10
employs fast kinetics and is this thus not a limiting step.
Additionally, no milling of the product is required since the
zirconium metal recovered is already in the form of a
powder. Still further, ammonium bifluoride and ammonium
acid fluorides are available as waste products from NF; or
fertilizer plants. The process of the invention has the flex-
ibility of producing either hafnium-“free” or hafnium
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depleted nuclear grade zirconium metal (by employing the
stage 26) or non-nuclear grade zirconium metal (by omitting
the stage 26).

The invention claimed is:

1. A process for treating a zirconium containing feedstock,
which includes

fluorinating a feedstock comprising dissociated zircon

(’DZ’) to obtain a zirconium fluorine compound and a
silicon fluorine compound;

separating the zirconium fluorine compound from the

silicon fluorine compound;
reacting the zirconium fluorine compound with a non-
fluorine halogen, an alkali metal non-fluorine halide or
an alkaline-earth metal non-fluorine halide, thereby to
obtain a zirconium non-fluorine halide; and

subjecting the zirconium non-fluorine halide to plasma
reduction, in a plasma reduction stage, in the presence
of a reductant, by introducing a feedstock comprising
the zirconium non-fluorine halide into a tail flame of a
plasma reactor, to obtain metallic zirconium in pow-
dered form.

2. A process according to claim 1, wherein the feedstock
is plasma dissociated zircon (‘PDZ’) predominantly com-
prising Zr0,.Si0,.

3. A process according to claim 2, wherein the fluorination
of the feedstock comprises reacting the PDZ with an ammo-
nium acid fluoride having the formula NH,F.xHF where
1<x=5.

4. A process according to claim 2, wherein the fluorination
of the feedstock comprises reacting the PDZ with ammo-
nium bifluoride, NH,F.HF, in accordance with reaction (1):

710,.8i0, +8NH,F.HF — (NH,); ZrF, +(NH,),
SiFs +3NH,F +4H,0 tm(1)
with the (NH,);7ZrF,, (NH,),SiF,, 3NH,F and 4H,O thus
constituting a reaction product mixture.

5. A process according to claim 4, wherein the separation
of the zirconium fluorine compound ((NH,),ZrF,) from the
silicon fluorine compound (NH,),SiF) is effected by heat-
ing the reaction product mixture to a sufficiently high
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temperature so that the (NH,),SiF,, NH,F and H,O are
driven off as a gaseous product component, while the
(NH,);ZrF, remains behind as a solid component; heating
the solid component further so that the (NH,);ZrF, decom-
poses in accordance with reaction (2):

(NH,)3ZrF; — Z1F,, +3NH,F

and separating the ZrF, from the NH,F.

6. A process according to claim 5, wherein the zirconium
fluorine compound (ZrF,) is reacted with an alkaline-earth
metal non-fluorine halide in a high temperature stage, and
wherein the alkaline-earth metal non-fluorine halide is
MgCl,, with the reaction proceeding in accordance with
reaction (4):

@

Z1F, +2MgCl, — ZrCl, +2MgF, @).

7. A process according to claim 5, wherein the PDZ
feedstock also contains some hafnium, Hf.

8. A process according to claim 7, wherein HfF, is also
produced, and which includes separating the ZrF, from the
HiF,.

9. A process according to claim 1, wherein the reductant
is a metal selected from the group consisting in Mg, Ca and,
Zn.

10. A process according to claim 1, wherein the reductant
is a reducing gas selected from the group consisting of H,
and NH;.

11. A process according to claim 1, wherein the plasma
reactor provides a non-transferred arc plasma for carrying
out the plasma reduction.

12. A process according to claim 1 wherein, in the plasma
reduction stage, a product component comprising the zirco-
nium in powdered metallic form and a reductant halide is
produced, with the product component being treated in a
high temperature separation stage to produce the reductant
halide as an off-product and the zirconium in a purified metal
sponge form as a useful end product.

13. A process according to claim 1, wherein the plasma
reduction is effected on a continuous basis.
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